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Abstract

Limb body wall complex (LBWC) and amniotic band sequence (ABS) are mul-

tiple congenital anomaly conditions with craniofacial, limb, and ventral wall

defects. LBWC and ABS are considered separate entities by some, and a contin-

uum of severity of the same condition by others. The etiology of LBWC/ABS

remains unknown and multiple hypotheses have been proposed. One individual

with features of LBWC and his unaffected parents were whole exome sequenced

and Sanger sequenced as confirmation of the mutation. Functional studies were

conducted using morpholino knockdown studies followed by human mRNA

rescue experiments. Using whole exome sequencing, a de novo heterozygous

mutation was found in the gene IQCK: c.667C>G; p.Q223E and confirmed by

Sanger sequencing in an individual with LBWC. Morpholino knockdown of

iqck mRNA in the zebrafish showed ventral defects including failure of ventral

fin to develop and cardiac edema. Human wild-type IQCK mRNA rescued the

zebrafish phenotype, whereas human p.Q223E IQCK mRNA did not, but wors-

ened the phenotype of the morpholino knockdown zebrafish. This study sup-

ports a genetic etiology for LBWC/ABS, or potentially a new syndrome.

Introduction

Limb body wall complex (LBWC) is a usually fatal multi-

ple congenital anomaly condition with craniofacial, limb,

and ventral wall defects. The most accepted definition of

LBWC has been meeting two of the following criteria: (1)

thoraco-abdominoschisis or abdominoschisis; (2) limb

defects; and, (3) craniofacial defects such as cleft lip/pal-

ate and encephalocele (Van Allen et al. 1987a,b); however,

most clinicians consider a body wall defect as a minimum

requirement of LBWC. Other anomalies associated with

LBWC include complex heart defects, congenital scoliosis,

spina bifida, and short umbilical cord. LBWC is a rare

condition with a birth prevalence of 0.2–3.3/10,000 live

births (Mart�ınez-Fr�ıas 1997a; Luehr et al. 2002). The eti-

ology remains unknown and recurrence rate is low.

Many of the anomalies of LBWC are found in amniotic

band sequence (ABS) including craniofacial malformations,
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limb amputation defects, constriction rings, and neural tube

defects (Lockwood et al. 1989; Bamforth 1992; Moerman

et al. 1992; ten Donkelaar et al. 2002). Amniotic bands are

formed from strings of ruptured amnion and are believed

by some to entangle and constrict body parts causing ampu-

tation-like or constriction disruptions; however, ABS disrup-

tions have been found in the absence of amniotic bands

and not considered for the diagnosis of LBWC (Gazolla

et al. 2014; Hartwig et al. 1989; Hunter et al. 2011; Luehr

et al. 2002; Streeter 1930; Van Allen et al. 1987a,b). It

remains unclear whether LBWC and ABS represent a single

condition or two distinct disorders (Mart�ınez-Fr�ıas 1997b;

Halder 2010). For years, many different etiologies have been

entertained for LBWC and the less severe phenotype, ABS

(Streeter 1930; Torpin 1965; Van Allen et al. 1987a,b; Levy

et al. 2007; Hunter et al. 2011). Hunter et al. (2011) has

done a comprehensive review of these hypotheses.

Besides ABS, LBWC overlaps with a number of other

conditions including pentalogy of Cantrell and Goltz–
Gorlin syndrome (Focal Dermal Hypoplasia). Cantrell

et al. (1958) described criteria in 1958 for combined con-

genital defects of the anterior abdominal wall, sternum,

diaphragm, pericardium, and heart: (1) midline supra-

umbilical abdominal defect, (2) defect of the lower ster-

num, (3) deficiency of the diaphragmatic pericardium,

(4) deficiency of the anterior diaphragm, and (5) congen-

ital intracardiac abnormality. Although not in the original

description by Cantrell et al. a number of individuals

with ectopia cordis and limb anomalies or facial clefting

have been reported (Vanamo et al. 1991; Vazquez-Jime-

nez et al. 1998). Pivnick et al. (1998) described an infant

with ectopia cordis, split right hand and left foot, bilateral

cleft palate, and various other anomalies and acknowl-

edged that this case had overlapping features of thoraco-

abdominal syndrome, pentalogy of Cantrell, and LBWC.

In at least three reported cases of individuals with pheno-

types of both Goltz–Gorlin syndrome and pentalogy of

Cantrell, a mutation in PORCN has been found (Maas

et al. 2009; Smigiel et al. 2011).

We can now confirm a genetic etiology, IQ Motif

Containing K (IQCK), for a patient who fits some charac-

teristics of ABS and LBWC or may represent a new syn-

drome. Mutations of IQCK have not been previously

described in the medical literature.

Patient Presentation and Methods

Patient

The human studies were approved by the NHGRI institu-

tional review board as part of the following US NIH study:

11-HG-0093 “Personalized Genomic Research” and was per-

formed in compliance with US 45.CFR.46. All participants

signed written informed consent for their participation.

Patient 1 is the fourth born of six children from

healthy parents. There were no birth complications, and

no noted amniotic bands. The patient possessed multiple

congenital anomalies (Figs. 1–4) including a 2 cm skin

pedicle on his scalp, hypertelorism, depressed nasal

bridge, broad nasal root, right cleft lip, large ventral wall

defect, spina bifida occulta, and multiple limb anomalies.

The ventral wall defect was skin, and not amnion covered.

A B

Figure 1. (A) Frontal view showing ventral midline defect; (B) postnatally acquired skin lesions.
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A B

C

Figure 2. (A) Facial characteristics significant for hypertelorism, right cleft lip, short columella; (B) side profile showing scalp skin pedicle,

depressed nasal bridge, malformed ear lobe and short columella; (C) scalp skin pedicle.

A B C

E FD

Figure 3. (A) Dorsal view of right hand showing terminal defect of 4th and 5th digits; (B) ventral right hand; (C) dorsal left hand shown

cutaneous syndactyly of digits 2 and 3; (D) ventral left hand; (E) bilateral split feet, left congenital talipes equinovarus, constriction band left great

toe; (D) circumferential constriction band mid-distance between elbow and wrist joints.
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The limb anomalies consisted of right hand amputation-

like defect of the 4th and 5th digits at the proximal pha-

lanx (Figs. 3B and C, 4A), cutaneous syndactyly of the

2nd and third digit of the left hand (Figs. 3C and D,

4B), left congenital talipes equinovarus (Figs. 3E, 4C),

and bilateral split feet (Figs. 3C, 4C and D). The patient

had constriction rings on his left forearm and left great

toe (Fig. 3E and F). Multiple skin lesions were present on

his back (Fig. 1B), but these were acquired postnatally.

An abdominal CT further clarified the anatomy of the

ventral wall defect, which showed the right ventricle and

part of the left ventricle outside the thoracic cavity and a

diastasis of the abdominal musculature with colon pro-

trusion. No diaphragmatic hernia or disruption was

found. The sternum, scapula, ribs, liver, spleen, pancreas,

adrenals, kidneys, and small bowel were normal. An echo-

cardiogram of the heart showed an atrial septal defect

(ASD) and a ventricular septal defect (VSD).

Patient 2 is an infant with LBWC complex identified

and consented to our protocol for whole exome sequenc-

ing. This infant had many similar features to the previ-

ously described patient including a scalp skin pedicle,

ectopia cordis, a large ASD and VSD requiring closure,

and limb constriction bands. This infant also had a dia-

phragmatic hernia, aplasia cutis congenital of the left

scalp, choanal atresia requiring surgery, bilateral iris col-

obomas, corneal clouding, and anterior lens subluxation.

Additionally, 11 fetuses with LBWC and 17 cases of pent-

alogy of Cantrell were Sanger sequenced for evidence of

an IQCK mutation.

DNA extraction

Genomic DNA was isolated from whole blood using the

QIAamp DNA Blood Maxi Kit (QIAGEN, Valencia, CA)

following the manufacturer’s instructions. DNA samples

A B

DC

Figure 4. (A) X-ray of right hand demonstrating absence of middle and distal phalanges of digits 4 and 5; (B) x-ray of left hand shows cutaneous

syndactyly of digits 2 and 3; (C) split right foot with missing metatarsal bones; (D) split left foot with malformed metacarpal bones and left

congenital talipes equinovarus.
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were further prepared for next-generation sequencing by

phenol/chloroform extraction.

Next-generation sequencing

Exome sequencing, assembly, genotyping, and annota-

tion were carried out on the family trio with LBWC

and one singleton with LBWC by the National Intra-

mural Sequencing Center (NISC) using genomic enrich-

ment (Johnston et al. 2010; Teer et al. 2010). Capture

utilized the NimbleGen SeqCap EZ Version 3.0+ UTR

(Roche NimbleGen, Madison, WI). Captured regions

totaled approximately 96 Mb. Flow cell preparation and

125-bp paired end read sequencing were performed as

per the HiSeq2000 Sequencer protocol (Illumina,

San Diego, CA). The percentage of the Consensus

Coding Sequence exome with most probable genotype

quality scores of 10 exceeded 85%. DNA variant

list manipulation was performed using VarSifter (Teer

et al. 2012).

Sanger sequence analysis

IQCK sequence verification was performed using standard

methods (Sanger et al. 1977). Sequencing was performed

with v3.1 BigDye Terminator Cycle Sequencing Kit (Life

Technologies, Grand Island, NY) in the ABI 3730xl

Sequencer (Life Technologies) according to the manufac-

turer’s protocol. Sequence data were aligned to the pub-

lished reference genomic sequence for IQCK (GenBank

accession number NC_000016.10) using Sequencher 5.0.1

(Gene Codes Corp., Ann Arbor, MI).

Zebrafish assay

10 ng of zebrafish iqck ATG morpholino (MO); 50-AG
TCAGACTCGCTCATGCTGGTCTC-30 and standard con-

trol MO were synthesized by Gene Tools (Philomath,

OR). MOs were injected into the one-cell stage of fertil-

ized embryos and the phenotype was observed at 48 h.

For the MO rescue, experiments were conducted with

150 pg of human IQCK mRNA, including wild type,

p.Q223E, p.Q223H, and p.Q222S variants RNAs, mixed

with 10 ng of iqck ATG MO. All zebrafish experiments

were performed at least 10 times.

Results

Using whole exome sequencing, a de novo heterozygous

mutation was found in the gene IQCK: c.667C>G; p.Q223E
in Patient 1. This occurs in a conserved amino acid in the

IQ domain of IQCK. This variant was verified by Sanger

sequencing (Fig. 5A) in the proband but was absent in both

parents. Multiple prediction models were used to evaluate

the potential pathogenicity of the variant, including a Com-

bined Annotation-Dependent Depletion (CADD) score of

39.0, a Grantham score of 29, a genomic evolutionary rate

profiling (GERP) score of 5.6, and a PolyPhen-2 (Polymor-

phism Phenotyping v2) prediction of “probably damaging.”

This mutation was not found in multiple databases includ-

ing 1000 Genomes, the Exome Aggregation Consortium

(ExAC), and the NHLBI Exome Sequencing Project (ESP).

Sequence alignment of human IQCK with IQ motif-

containing proteins from vertebrate and invertebrate spe-

cies, and a plant species (Arabidopsis thaliana), shows that

c.667C>G (p.Q223E)  

Unaffected parent 

A B

Figure 5. (A) Sanger sequencing chromatograms show IQCK wild-type sequence found in parents of patient 1 and the heterozygous missense

mutation found in patient 1; (B) Protein sequence alignment of human IQCK with several IQ motif-containing proteins show absolute

conservation of the glutamine (Q) residue across species (denoted by an asterisk). This is residue found mutated in our patient (p.Q223E). Pa:

Pongo abelii (Sumatran orangutan); At: Arabidopsis thaliana (Mouse-ear cress); Dr: Danio rerio (Zebrafish); Bt: Bos taurus (Bovine); Xl: Xenopus

laevis (African clawed frog); Hs: Homo sapiens (Human); Rn: Rattus norvegicus (Rat); Mm: Mus musculus (Mouse). The gene symbol is indicated

between vertical lines, with the numbers indicating the amino acid positions in the reference isoform of the protein (isoform 1). Sequence

alignment was performed using the CrustalW2 tool from EMBL-EBI (http://www.ebi.ac.uk/Tools/msa/clustalw2).
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the glutamine residue is the only amino acid strictly con-

served across species (Fig. 5B).

Functional studies using MO knockdown showed a sig-

nificant phenotype in the zebrafish embryo at 48 h past

fertilization (hpf). While the control MO showed a normal

phenotype (Fig. 6A), the iqck morpholino showed cardiac

edema and poor development of the ventral fin (Fig. 6B).

Coinjection of human IQCK wild-type mRNA rescued the

iqck MO phenotype (Fig. 5C) with reduction in heart

edema and normal growth of ventral part of fin, (Fig. 6C),

whereas human p.Q223E mRNA worsened this phenotype

(Fig. 6E) with markedly decreased tail development and

increased cardiac edema. However, when the human

p.Q223E mRNA was administered without the iqck MO,

the zebrafish phenotype was unaffected (Fig. 6F). When

rescue of the iqck MO was attempted using histidine (H)

versus glutamic acid (E) with p.Q223H human mRNA, the

phenotype remained unchanged (not rescued) (Fig. 6G).

Coinjection of p.I222S human mRNA (also a conserved

amino acid in the IQ domain) only partially rescued the

MO phenotype (Fig. 6I). These results suggest that the

conserved glutamine in position 223 is essential and that

the p.Q223E mutation is pathogenic.

A second case of LBWC (singleton) was evaluated by

whole exome sequencing, but no mutations were found in

IQCK or PORCN. Additionally, 11 fetuses with LBWC and

17 cases of pentalogy of Cantrell were Sanger sequenced

for the IQCK gene, but no mutations were found.

Discussion

Here, we present a carefully phenotyped case (Patient 1)

found to have three elements considered by Van Allen et al.

(1987a,b) to fit the definition of LBWC, including cleft lip,

thoraco-abdominoschisis, and limb anomalies. However,

given that LBWC is almost universally lethal, especially

when a ventral wall defect is present, the described case

would not be considered LBWC by some experienced clini-

cians (Gazolla et al. 2014). This patient has elements of

both LBWC and ABS, which is consistent with the overlap

between these two syndromes; however, the medical litera-

ture has not determined whether these two conditions

are separate nor has the causation of these two conditions

been found.

Amniotic bands are plausible as an etiology given the

left forearm and great toe constriction rings, and the 4th

Ctl MO 10ng iqck MO 10ng 

iqck MO 10ng+hIQCK wt RNA 150pg hIQCK wt RNA 150pg 

A B 

C D 

Zebrafish iqck ATG MO 10ng injection phenotype at 48h 

iqck MO 10ng+hIQCK Q223E RNA 150pg hIQCK Q223E RNA 150pg

iqck MO 10ng+hIQCK Q223H RNA 150pg hIQCK Q223H RNA 150pg 

iqck MO 10ng+hIQCK I222S RNA 150pg hIQCK I222S RNA 150pg 

E F 

G H 

I J 

Figure 6. Box shows location of missense

mutation in IQCK; (A) control morpholino

phenotype at 48 h in zebrafish is normal; (B)

iqck morpholino at 48 h shows cardiac edema

(red arrow) and ventral fin hypoplasia (yellow

arrow); (C) coinjection of iqck morpholino and

IQCK (hIQCK) mRNA shows rescued

phenotype; (D) control human IQCK injection

results in normal phenotype; (E) coinjection of

iqck morpholino and human Q223E human

IQCK mRNA resulting in worsening of

phenotype than iqck morpholino alone shown

in Figure 6B; (F) human Q223E IQCK mRNA

injection shows normal phenotype;

(G) coinjection of iqck morpholino and human

Q223H human IQCK mRNA resulting failure to

rescue phenotype; (H) human Q223H IQCK

mRNA injection shows normal phenotype;

(I) coinjection of iqck morpholino and human

Q222S human IQCK mRNA resulting in a

rescued phenotype; (J) human Q222S IQCK

mRNA injection shows normal phenotype.
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and 5th digit amputation-like findings in the right hand.

However, amniotic band disruption does not explain the

ventral wall defect, and atrial and ventricular septal

defects found in our patient. LBWC is a more severe con-

dition than ABS as it affects more organ systems, but they

could be the same condition displaying variable expressiv-

ity. Levy et al. (2007) presented a mother with one child

with LBWC and a subsequent infant with ABS, which

supports a connection between these two conditions,

whether genetic, environmental, or combination of both.

There are three proposed theories on the cause of ABS

and/or LBWC. The first is the extrinsic theory proposed

by Torpin, which considers early amniotic sac rupture

followed by the formation of amniotic bands, which

entrap and disrupt limb formation leading to amputa-

tions and constriction bands (Torpin 1965). This extrin-

sic model does not explain the internal organ (i.e., heart

and kidneys) malformations often found with LBWC.

The second proposed mechanism is vascular disruption

causing the internal malformations seen in LBWC and

the persistence of the extraembryonic coelom as the ori-

gin of amniotic bands (Van Allen et al. 1987a,b). The

third theory proposed by Streeter (1930) focuses on an

abnormality in the germinal disk that results in final

structural malformations. Our case, which has elements

of both ABS and LBWC, supports a genetic etiology as a

cause ABS and LBWC. Additionally there are two cases

of familial ABS in the literature (Lockwood et al., 1988)

and twin studies support a genetic etiology for the

LBWC/ABS spectrum (Lubinsky et al. 1983; Luehr et al.

2002).

Another interesting consideration is a human homo-

logue to the mouse disorganization (Ds) mutation (Robin

and Nadeau 2001). A number of reports in the literature

with skin pedicles and ABS findings propose a disorgani-

zation hypothesis. Skin pedicles are a rare finding, and

previous described cases with skin pedicles resemble the

two patients presented with LBWC in this report (Fig. 2B

and C) in a number of ways (Isidor et al. 2009; Temtamy

et al. 2010). Isidor et al. presented four patients with skin

pedicles and severe limb anomalies that were originally

diagnosed as ABS, and proposed that these individuals

resemble the disorganization phenotype in the mouse.

Donnai and Winter first suggested that patients with ABS

resembled the mouse with the yet to be found disorgani-

zation (Ds) mutation, and more reports as with features

of ABS have suggested a human homologue to Ds,

including patients with skin pedicles and limb anomalies

(Donnai and Winter 1989; Lowry and Yong 1991; Na-

kamura and Nanjyo 1992; Robin et al. 2005). In one case,

a ventral wall defect was reported (Donnai and Winter

1989). The Ds phenotype described by Hummel consisted

of mice with a heterozygous mutation, homozygous

lethal, that had many similarities to the ABS phenotype

and to our two cases including neural tube defects, ham-

artomas represented by papillomas protruding from the

body, limb anomalies, ventral wall defects, and facial clef-

ting (Hummel 1959). The skin pedicle (Fig. 2B and C) in

our case was not biopsied; however, ten Donkelaar et al.

(2002) did biopsy a similar scalp lesion in a boy who also

had amputation-like hand defects and the biopsy showed

evidence of a rudimentary meningocele. The multiple

congenital anomalies presented in addition to the skin

pedicle makes the phenotype presented in this study

unique and possibly a new syndrome.

As noted above, there have been a number of hypothe-

ses for the cause of ABS and LBWC, and based on our

data, ABS and/or LBWC may be caused by a genetic

mutation. Here, we report the gene, IQCK, to be associ-

ated with a ABS/LBWC phenotype. Whole exome

sequencing identified a de novo coding variant in this

gene that was confirmed with Sanger sequencing. This

variation introduces a nonsynonymous change in the IQ

motif of the protein. The morpholino knockdown of the

zebrafish shows cardiac edema, and failure of ventral fin

to develop. The wild-type human IQCK mRNA rescues

the morpholino knockdown zebrafish; however, the

p.Q223E human IQCK mRNA worsens the phenotype of

the morpholino knockdown zebrafish.

Although we have shown that the p.Q223E mutation is

functionally important, the molecular function or path-

way(s) of IQCK remain unknown. The p.Q223E mutation

is located in a very conserved amino acid of the IQ

domain (Fig. 5B). The IQ domain is approximately 25

amino acids in length and is widely distributed in nature.

The motif conforms to the more general consensus

sequence [I,L,V]Qxxx[R,K]xxxx[R,K], which forms an

amphiphilic seven-turn a-helix capable of binding cal-

modulin in a Ca2+-independent manner (B€ahler and Rho-

ads 2002). Calmodulin mediates the effects of the major

cellular second signal Ca2+ and can stimulate changes in

the actin cytoskeleton mediated by proteins such as myo-

sin. Nearly all myosin proteins possess between one and

seven IQ domains, most found in multiple tandem

repeats separated by 9–16 amino acid residues. Proteins

that contain at least one IQ domain include myosins,

voltage-gated channels, neuronal proteins (i.e., neuro-

modulin, PEP-19), phosphatases, sperm surface proteins,

Ras exchange proteins, spindle-associated proteins, at least

one RasGAP-like protein and several plant-specific pro-

teins (B€ahler and Rhoads 2002). In the Pfam protein fam-

ilies’ database, there are over 900 entries with IQ domains

(Finn et al. 2014).

Although further research is needed to define IQCK

function and its relationship with other proteins, a large

number of recent literature reports support an active role
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of IQ motif-containing proteins in cell polarization and

migration (Johnson and Henderson 2012; Choi et al. 2013;

Jacquemet and Humphries 2013; Banon-Rodriguez et al.

2014; Foroutannejad et al. 2014; Naylor and Morgan 2014)

and even in ciliary function (Cyr et al. 2002; Otto et al.

2005; Spektor et al. 2007), which introduces the possibility

that LBWC could be a new ciliopathy.

Testing one other case with a similar LBWC phenotype

and 11 additional cases with LBWC did not find a muta-

tion in IQCK. Only a singleton was tested with whole

exome sequencing, making gene discovery difficult. We

hypothesize that like many syndromes, LBWC will be

genetically heterogeneous. Seventeen samples of patients

with pentalogy of Cantrell failed to show a mutation in

IQCK, which may support pentalogy of Cantrell being a

different condition than LBWC. Further research includ-

ing next-generation sequencing of trios (affected proband

and parents) and tissue-specific sequencing evaluating for

mosaicism will be needed to further characterize this het-

erogeneous condition.

In summary, this study begins to answer the question

of a genetic etiology of ABS and LBWC, supported by

genetic testing and functional studies in zebrafish. The

pathogenesis of LBWC and ABS is most likely heteroge-

neous based on the discussion above, and our case with

an IQCK mutation may represent a new syndrome, with

elements of LBWC but less severe and survivable. More

cases with a similar phenotype will be needed to confirm

IQCK as a causative gene and we suspect that more genes,

possibly involved in the same cellular pathway, will be

found. Further investigation of IQCK will be required to

elucidate its molecular function and corroborate its impli-

cation in the etiology of LBWC.
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